Observation and mechanism of non-uniform distribution of tin nuclei in preparing vapor diffusion 
coated Nb3Sn thin film for SRF applications* 
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Growth of high-quality Nb3Sn thin films for superconducting radiofrequency (SRF) applications using the 
vapor diffusion method requires a uniform distribution of tin nuclei on the niobium (Nb) surface. This study 
examines the mechanism underlying the observed non-uniform distribution of tin nuclei with tin chloride SnCly. 
Electron backscatter diffraction (EBSD) analysis was used to examine the correlation between the nucleation 
behavior and orientation of niobium grains in the substrate. The findings of the density functional theory (DFT) 
simulation are in good agreement with the experimental results, showing that the non-uniform distribution of tin 
nuclei is the result of the adsorption energy of SnClz molecules by varied niobium grain orientations. Further 
analysis indicated that the surface roughness and grain size of niobium also played significant roles in the 
nucleation behavior. This study provides valuable insights into enhancing the surface pretreatment of niobium 
substrates during the growth of Nb3Sn thin films using the vapor diffusion method. 


Keywords: nucleation, tin chloride, non-uniform distribution, vapor diffusion, crystal orientation, adsorption energy 


I. INTRODUCTION 


Superconducting radio frequency (SRF) technology is 
the preferred technical approach for numerous accelerator 
projects that are currently being developed or are in the plan- 
ning stage. These projects include the synchrotron radiation 
source such as the Shanghai synchrotron Radiation Facility 
project [1, 2], the high-energy colliders and attached high- 
energy experimental project, including the Circular Electron 
Positron (CEPC), Large Hardon Collider (LHC), and the Bei- 
jing Electron Positron Collider (BEPC/BES) [3-6], the free 
electron laser such as the Shanghai high-repetition-rate XFEL 
and extreme light facility (SHINE) [7-9], as well as the pro- 
ton and heavy ion accelerator such as the High Intensity 
heavy-ion Accelerator Facility (HIAF) and the China ini- 
tiative Accelerator Driven System (CiADS) [10-12]. SRF 
cavities play a crucial role in accelerating the charged par- 
ticles in SRF accelerators. These cavities are commonly con- 
structed using high-purity niobium with a residual resistivity 
ratio (RRR) exceeding 300. The performance of the Nb cav- 
ities in relation to both the maximum field and surface resis- 
tance [13, 14] is currently nearing its inherent limits. How- 
ever, the typical operating temperature range for Nb cavities is 
approximately 2 K. The operation and maintenance expenses 
of large accelerators are significantly affected by the consider- 
able size and complexity of cryogenic refrigerators as well as 
the significant power requirements of the electrical grid at this 
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temperature. To achieve cost reduction in the construction 
and operation of large-scale SRF accelerators, it is imperative 
to explore alternative materials that exhibit SRF performance 
beyond that of Nb. 


In comparison to high-purity Nb utilized in accelerator 
applications, Nb3Sn exhibits a higher theoretical supercon- 
ducting transition temperature (T.) of approximately 18.3 K 
(compared to approximately 9.25 K for Nb), a larger energy 
gap of approximately 340 mV (compared to approximately 
140mV for Nb), and a higher superheating magnetic field 
(Hsn) of approximately 425 mT (compared to approximately 
240 mT for Nb) [15]. Hence, the Nb3Sn thin- film SRF cavity 
can be operated at a temperature of 4.2 K or higher, thereby 
achieving a potential accelerating field twice as high as that 
of the Nb SRF cavity. The utilization of SRF technology is 
expected to have significant implications not only for major 
scientific facilities such as the International Linear Collider 
(ILC), but also for smaller research platforms such as com- 
pact light sources and photo-neutron sources. In addition, 
SRF technology shows promise for various industrial appli- 
cations, including wastewater treatment and medical isotope 
production [16-19]. A crucial aspect of RF applications is the 
preparation of high-quality Nb3Sn thin films on the inner side 
of the substrate cavity using suitable methodologies. Numer- 
ous techniques have been developed to fabricate Nb3Sn thin 
films. For instance, S.K. Chen , E.A. Llyina, and W.W. Tan 
prepared Nb;3Sn thin films by magnetron sputtering [20-22], 
S. M. Deambrosis employed the liquid-tin dipping method 
to fabricate 6 GHz Nb3Sn thin film cavities [23], and R.H. 
Hammond utilized electron beam co-evaporation to synthe- 
size Nb3Sn phases [24]. Furthermore, P.G. Kosky adopted 
chemical vapor deposition to prepare Nb3Sn joints [25], M. 
Lu et al. studied the preparation of Nb3Sn thin films through 
the bronze route [26-29], and S. Posen, U. Pudasaini and 
Z.Q. Yang conducted extensive research on the vapor diffu- 


sion method [15, 30, 31]. In addition, other institutions have 
carried out relevant research on the preparation of Nb3Sn thin 
films using the vapor diffusion method [32, 33]. Substan- 
tial advancements have been made in these methods over the 
past decade. Nevertheless, to date, the existing technique 
are not capable of generating cavities with superior perfor- 
mance compared to those produced using the vapor diffusion 
method [28, 31, 34, 35]. The presence of tin droplets on the 
surface and the occurrence of undesired tin-rich phases re- 
sulting from the liquid-tin-dipping approach contribute to the 
poor performance of Nb3Sn cavities [23]. The prospective 
application of the Nb3Sn thin film created using the bronze 
approach towards copper-based Nb3Sn cavities is hindered by 
the probable contamination of the RF layer with residual cop- 
per. The Nb3Sn SRF cavity, which involves the growth of a 
thin film of Nb3Sn on the surface of an Nb cavity using the 
tin vapor diffusion process, has favorable characteristics, such 
as a high quality factor and a strong surface electromagnetic 
field [31-33]. Consequently, this technology has significant 
potential for various applications. 


In the 1970s, researchers at Siemens AG attempted to 
fabricate high-frequency TE- and TM-mode Nb3Sn cavities 
using vapor diffusion , a technique pioneered by Saur and 
Wurm [36]. They discovered that a nucleation period with- 
out special precautions was crucial to the occurrence of un- 
covered Nb spots in Nb3Sn films. This challenge was suc- 
cessfully addressed by implementing an enhanced nucleation 
procedure. During the process, an oxide layer on the nio- 
bium cavity surface is initially cultivated via anodization, fol- 
lowing which the temperature of the tin source is elevated 
to 200°C above that of the substrate. Subsequently, B. Hil- 
lenbrand discovered that the growth of high-quality Nb3Sn 
films could be achieved by introducing a small quantity of tin 
halogenides, such as SnF or SnCly, into the coating cham- 
ber without the need to maintain the tin source temperature 
at 200°C above the chamber temperature [37]. Studies con- 
ducted by Siemens demonstrated that nucleation is a crucial 
and essential process in the vapor diffusion method for the 
formation of Nb3Sn films. During the initial stage of covering 
a thin-film SRF cavity with Nb3Sn using the vapor-diffusion 
method, researchers at the University of Wuppertal employed 
nucleation conditions derived from investigations conducted 
by Siemens. The initial step involved anodizing the inner sur- 
face of the niobium cavity using a layer composed of Nb2Os. 
Subsequently, a modest quantity of SnCl evaporates at ap- 
proximately 500°C, leading to the formation of nucleation 
centers situated on the surface. At high temperatures, the 
Nb Os layer disintegrates, resulting in the absorption of oxy- 
gen by the niobium substrate. Consequently, the niobium sur- 
face is quickly brought into contact with the nucleation cen- 
ters. However, a study conducted by the University of Wup- 
pertal revealed that the anodization process for growing the 
Nb,Os layer significantly reduces the RRR of the underly- 
ing niobium substrate which leads to a decrease in its ther- 
mal conductivity [38]. Consequently, in another study con- 
ducted by the University of Wuppertal, the coating of high- 
purity 1.5 GHz CEBAF-shaped Nb cavities conducted the nu- 
cleation process using SnCly. This was observed specifically 


for nonanodized surfaces without the requirement of main- 
taining the tin source temperature at 200 °C above that of the 
Nb cavity. In 2009, Cornell University restarted research on 
the vapor diffusion method for coating Nb3Sn thin-film SRF 
cavities. This initiative has been driven by significant ad- 
vancements and the near attainment of the theoretical limit 
for the performance of Nb SRF cavities. The initial nucle- 
ation technique employed at Cornell University maintained 
the SnCly at 500°C for 5 h after the degassing process. Sub- 
sequently, both the cavity and the tin heater were subjected 
to a gradual increase in temperature at an equivalent pace. 
In 2017, D. Hall from Cornell University modified the nu- 
cleation recipe to address the issue of inadequate tin cover- 
age [39]. SnCl, was chosen as the nucleation agent; however, 
the tin source temperature was enhanced. Specifically, a layer 
of Nb2O; was anodized on the inner surface of the substrate 
Nb cavity prior to coating. The deposition system utilized 
at the Jefferson Lab (JLab) lacks the capability to indepen- 
dently regulate the temperature of both the Nb cavity and the 
tin source. In the JLab coating procedure, nucleation sites 
are generated by subjecting SnCl, to a temperature of 500°C 
for 1 h without anodization [40]. Furthermore, U. Pudasaini 
from JLab conducted a systematic investigation of the impact 
of several parameters, including the quantity of SnClo, nu- 
cleation temperature, and nucleation duration, either individ- 
ually or in combination. This study contributes significantly 
to the advancement of knowledge on nucleation [41]. Sig- 
nificant modifications were made to the nucleation step by S. 
Posen of the Fermi National Accelerator Laboratory (FNAL). 
In addition to employing SnCly and anodization techniques, 
a notable divergence of this word lies in the elevated tem- 
perature range of the tin source during the nucleation stage, 
reaching as high as 1200-1250 degree . By implementing 
this alteration, the highest acceleration field of 24 MV-m~! 
was achieved in a 1.3 GHz single-cell TESLA-shaped Nb3Sn 
thin-film SRF cavity. This achievement was accompanied 
by a high Qo. The cavity was coated using the vapor dif- 
fusion approach, as documented in reference [42]. Numer- 
ous studies have examined the influence of nucleation on film 
growth during film preparation. These studies have consis- 
tently demonstrated that the nucleation behavior significantly 
affects both the growth and quality of the film [43-46]. The 
nucleation and growth mechanisms of the A15 phase have 
been studied in previous works [47—49]. However, relatively 
few studies have been conducted on the nucleation stage for 
the preparation of Nb3Sn thin films using the vapor diffusion 
method [30, 50, 51]. 


As previously stated, nucleation plays a pivotal role and is 
a necessary condition for the successful development of a ho- 
mogeneous and superior Nb3Sn film using the vapor diffusion 
technique. Moreover, clarification of the nucleation process 
enables modification of the nucleation conditions, thereby im- 
proving the RF performance of the Nb3Sn SRF cavity. This 
study examined the occurrence of a non-uniform distribution 
of tin nuclei on the surface of niobium during the nucleation 
stage. A correlation was established between the behavior 
of nucleation and grain orientation using EBSD characteriza- 
tion. Additionally, this study elucidates the underlying factors 


) 


© 600 


Temperature (° 


09:57 16:14 21:14 17:07 
Time[hh:mm] 


Fig. 1. (Color online) (a) Coating furnace for nucleation experiments, (b) nucleation samples include BCP fine-grain, EP fine-grain, and 
large-grain Nb, (c) temperature and pressure during the entire nucleation stage, (d) surface status of BCP fine-grain, EP fine-grain and BCP 


large grain Nb 


that contribute to the non-uniform distribution of tin nuclei 
during the nucleation stage. The proposed mechanism is val- 
idated using simulation calculations. This study aims to im- 
prove our understanding of the nucleation process and offer 
insights into its optimization. 


II. EXPERIMENTAL CHARACTERIZATION 
A. Sample preparation 


The Nb samples were obtained by wire-cutting a high- 
purity Nb sheet, which was utilized in the fabrication of cav- 
ities. The samples were subjected to identical treatment of 
SRF cavities, which involved the application of either 150 wm 
heavy BCP or EP, followed by annealing at a temperature of 
800°C for 3 h. In addition, a layer of 20 wm light BCP or 
EP was applied using standard electrolytes. After polishing, 
the samples were rinsed in a Micro-90 solution, followed by 
ultrasonic cleaning in ultrapure water for 30 min. 

Nucleation experiments were conducted within the coating 
system employed for the fabrication of the Nb3Sn thin-film 
cavities. The nucleation samples consisted of BCP fine-grain 
Nb samples, EP fine-grain Nb samples, and large-grain Nb 
samples. The purpose of these samples was primarily to con- 
firm the significant correlation between the orientation and 
nucleation behavior in addiion to elucidating the impact of 
various pretreatments on the nucleation behavior. The use of 
Nb samples with a larger grain size is aimed at providing a 
clearer representation of the correlation between nucleation 
behavior and grain orientation. Hence, the nucleation stud- 
ies included large-grain materials chosen based on their dis- 
tinct crystal orientations, as determined by XRD. The grain 


size of these samples were approximately in the millimeter 
range. The initial pressure of the furnace before heating was 
superior to 5 x 10~° Pa. The exact nucleation step consisted 
of a degassing stage lasting for 24 h, followed by a grad- 
ual increase in temperature at a rate of 3.5°C - min! until 
it reached 500°C. After maintaining the temperature for 4 
h, it is recommended to cease the heating process and allow 
the furnace to cool down gradually. Notably, only SnCl, was 
employed as a source of tin vapor in the nucleation experi- 
ments. The coating furnace used for the nucleation experi- 
ments and the nucleation samples are shown in Fig. la and 
Fig. 1b. Temperature and pressure curves for the entire nu- 
cleation stage are shown in Fig. 1c. As shown, the surface of 
EP fine-grain is smooth, and the grain boundaries are clearly 
visible. Compared with EP fine-grain Nb, undulating features 
are heavily etched on the BCP fine-grain Nb surface, which 
results in a significantly higher surface roughness. Owing to 
the single surface orientation, the BCP LG Nb surface ex- 
hibits a high level of smoothness with no discernible grain 
boundaries. The specific morphologies are shown in Fig. 1d. 


B. Characterization 


Nucleation sites were examined using ZEISS Gemini 
300 scanning electron microscopy (SEM) equipment, which 
was equipped with an energy dispersive X-ray spectroscopy 
(EDS) detector. A voltage of 15 kilovolts (kV) was used 
to accelerate the particles. X-ray diffraction (XRD) was 
used to examine the crystal structure of the niobium sub- 
strate. The analysis was conducted using an X’Pert PRO 
MPD diffractometer equipped with Cu K, radiation at a 
wavelength of 1.5406 A. The variation in tin content across 


different crystal orientations was analyzed using Auger Elec- 
tron Spectroscopy (AES) and Selected-Area X-ray Photoe- 
mission Spectroscopy (SAXPS). The AES analysis was con- 
ducted using a PHI 710 instrument employing a primary elec- 
tron beam energy of 5keV with a current of 10nA. X-ray 
photoelectron spectroscopy (XPS) was conducted using a PHI 
5000 Versaprobe 3 instrument equipped with an aluminum 
Ka source of radiation with an energy of 1486.6 electron volts 
(eV). The analysis chamber was maintained at a vacuum be- 
low 4.78 x 10~° Pa. The correlation between the nucleation 
performance and grain orientation was investigated using an 
EBSD system connected to a field-emission SEM model, 
Quanta 200FEG, manufactured by FEI. The SEM was op- 
erated at an acceleration voltage of 20 kilovolts (kV). EBSD 
observations were conducted using a scanning step size of 
0.2 um within a scanning region of 0.5mm x 0.5mm, en- 
compassing multiple grains. The data were processed using 
the OIMTSL software to obtain orientation maps with IPF 
coloring. Miller indices (h k 1) corresponding to the exposed 
crystallographic planes were obtained and determined using 
the same software. It is important to highlight that, prior to 
conducting the nucleation experiment, it is necessary to elimi- 
nate the stress layer present on the surface of the sample while 
simultaneously guaranteeing minimal surface roughness. 


C. Calculation model and method 


The adsorption behavior of tin chloride on niobium sur- 
faces with varying orientations was investigated using density 
functional theory (DFT) calculations. The crystal structure of 
niobium was acquired from its dedicated library, and the mea- 
sured lattice constant of 3.03 A was in good agreement with 
the experimental value. Multiple 3 x 3 x 1 niobium super- 
cells were constructed, each with a distinct orientation. The 
periodic structures were simulated using slabs of six metal 
layers. To mitigate the potential contact between neighboring 
supercells, a vacuum layer with a thickness of approximately 
15A was implemented. The atomic positions of the adsor- 
bates and the Nb layers were thoroughly optimized for each 
system, except for the atoms in the bottom three layers, which 
were fixed at their bulk positions. The tin chloride molecule 
was designed using the sketch-atom design tool. The bond 
length and angle were established at 2.363 A and 99°, respec- 
tively, and were aligned with the structure, as described in 
previous studies. Symmetry constraints were not utilized in 
the geometric optimization process, whereas spin polarization 
was incorporated in the calculations because of its significant 
impact on the energetics. The BFGS optimization procedure 
was employed by Broyden to decrease energy and achieve the 
most stable configuration of the computational model. The 
generalized gradient approximation (GGA) formulation and 
the Perdew-Burke Ernzerhof (PBE) functional were utilized 
to characterize the exchange between energy and potential. 
The interaction between the electron wave function and ion 
core was described using the OTFG pseudopotential hyper- 
soft potential. The precision of the SCF method was de- 
termined based on specific criteria. These criteria included 


achieving a convergence of the single-atom energy to a value 
of 2.0 x 10-S eV, ensuring that the force exerted on each 
atom was below 3.0 x 10-2eV- nm", and maintaining a 
tolerance for stress and displacement deviations of less than 
0.05 GPa and 1.0 x 107° nm, respectively. The adsorption 
energies were determined through the subtraction of the ener- 
gies associated with a SnClọ molecule in the gaseous phase 
(Egnci,) and a clean Nb surface (Eciean) from the overall 
energy of the SnClo/Nb system (Egncj,/Np) which can be 
rewritten as Fads = Egnci,/Nb — Esncig — Eclean. Experi- 
ments were conducted on clean surfaces to evaluate the ef- 
fects of variations in the cutoff energies and the number of 
k-points on the test calculations. The convergence of the cut- 
off energy was investigated with values ranging from 384 to 
608 electron volts (eV). The k-point mesh was systematically 
adjusted from 2 x 2 x 1 to 5 x 5 x 1 to evaluate its effect on 
the results. The findings indicated that employing a cutoff en- 
ergy of 480 eV in conjunction with a 3 x 3 x 1 k-point mesh 
yielded sufficient levels of convergence. 


Ill. RESULTS AND DISCUSSION 
A. Non-uniform distribution of tin nuclei 


The distribution of the tin nuclei in EP Nb samples is 
shown in the SEM images in Fig. 2. Fig. 2a shows the ran- 
dom distribution of bright and dark areas observed under low 
magnification following nucleation. Fig. 2b illustrates the ob- 
served topography of the boundary between the bright and 
dark regions. It is evident that the density and morphology of 
the tin particles in the two regions differ. Fig. 2c and Fig. 2d 
show high-magnification images illustrating the distribution 
of nuclear sites on the surface of the bright and dark areas, re- 
spectively. These images show significant variations in both 
the density and shape of the tin nuclei. EDS was used to mea- 
sure the tin content, as depicted in Fig. 3, to confirm the ob- 
served differences in the tin nuclei density between the bright 
and dark areas in SEM images. The density of the tin nuclei 
differed substantially between the two regions, as shown in 
Fig. 3c, which depicts the results of the tin nuclei mapping. 
The EDS-measured tin contents in the dark and bright regions 
corresponding to Area 1 and Area 2 in Fig. 3a are summarized 
in Fig. 3d. The tin content in both regions is less than 10% 
because the tin nuclei on the surface have a thickness at the 
nanoscale level, whereas the detection depth of EDS is of the 
order of micrometers. 

In Fig. 3a, the boundary between the two regions contains 
significantly more tin nuclei. From the EBSD results in HIB 
we can conclude that this location represents the grain bound- 
ary which contains more defects and at which nucleation is 
more likely to occur. 

Furthermore, a non-uniform distribution of tin nuclei was 
observed in a specific subset of BCP nucleation samples, as 
depicted in Fig. 4a. The observed variations in the nucle- 
ation behavior across different grain surfaces indicate a strong 
correlation between the nucleation density and grain orienta- 
tion throughout the nucleation process. To examine the cor- 


Fig. 2. (Color online) Non-uniform distribution of tin sites on EP fine-grain surface. (a) bright and dark areas corresponding to regions with 
higher and lower nuclei density, (b) junction of bright and dark areas at higher magnification, (c) and (d) show details for the selected areas in 


(b). 


A (d; 
97.96 98.39 “Areal | 
i] 

2.04 1.61 i 

j I 
| I 
È 1 
93.51 9485 Area? | 
I 

6.49 5.15 H 


Fig. 3. (Color online) Microstructures and elemental distribution of tin on bright and dark areas. (a) the topography of the interface region, 
(b) and (c) distribution of Nb and Sn of this region respectively, (d) specific element content is given for Area 1 and 2 in (a). 


relation between nucleation density and orientation more di- 
rectly, a series of large-grain samples with a singular orienta- 
tion were prepared to observe and analyze the nucleation be- 
havior. Fig. 4b-d depict the nucleation behavior of Nb (100), 
Nb (110), and Nb (211) under identical nucleation conditions, 
respectively. The analysis clearly indicates that the density of 
the tin nuclei on the Nb (100) crystal plane is notably greater 
than that observed in the other two crystal planes. However, 
owing to the lower spatial resolution of EDS, no obvious dif- 
ference in the tin content on the three crystal surfaces was 
observed. Hence, AES and SAXPS techniques were utilized 
to effectively discern the disparity in tin content among the 
three crystal planes under consideration. The results are pre- 


sented in Table 1. These findings indicate that the density of 
the tin nuclei on the Nb (100) surface is greater than that on 
the Nb (110) and Nb (211) surfaces. 


B. Relationship Between Grain Orientation and tin nuclei 
Density 


Despite the obvious observation of large differences in the 
density and morphology of tin nuclei on distinct grain sur- 
faces of BCP Nb samples, the high surface roughness pre- 
vents the use of EBSD to determine the relationship between 
grain orientation and nucleation behavior. In addition, the 


Fig. 4. (Color online) (a) Non-uniform distribution of tin sites on the BCP fine-grain surface which examines the relationship between 
nucleation behavior and grain orientation, (b), (c) and (d) correspond to large-grain Nb (110), Nb (100), and Nb (211) respectively. 


Table 1. AES and SAXPS results of the relative content of tin on 
large-grain Nb (110), Nb (100), and Nb (211) respectively. 


AES SAXPS 


Crystal plane (100) (110) (211) (100) (110) (211) 


Sn content (at%) 48 36 48 13.7 53 63 
Nb content (at%) 6.7 7.0 8.3 10.9 9 6.6 


Sn/(Nb+Sn)% 41.7 34.0 36.6 55.7 37.1 48.8 


nucleation characteristics of the large-grain niobium surface 
were not as significant as those of the fine-grain surface. The 
underlying cause of this phenomenon was elucidated in III D. 
In contrast, the surface condition of EP samples not only 
meets the requirements of EBSD but also reflects the differ- 
ence in nucleation behavior between orientations. During the 
nucleation process, SnCl, was selectively adsorbed in distinct 
orientations, and the size of the bright and dark areas on the 
surface of the EP samples were consistent with the grain size 
of niobium. 

To validate the aforementioned hypothesis, EBSD analysis 
was conducted on the surface of the EP samples to establish 
the correlation between grain orientation and tin nuclei den- 
sity. The results of the analysis are shown in Fig. 5. Fig. 5a 
and Fig. 5c show the microscopic topography, which exhibits 
distinct bright and dark zones of interest. The bright and dark 
areas correspond to the different densities of tin nuclei men- 
tioned above. Fig. 5b and Fig. 5d depict a typical EBSD In- 


verse Pole Figure (IPF) coloration orientation map for Fig. Sa 
and Fig. 5c, which contain dozens of grains with sizes ranging 
from tens to hundreds of microns. The IPF exhibited approx- 
imately eight total discernible orientations. Notably, a recur- 
ring phenomenon was detected in both sets of IPF images. 
The bright regions correlate to grains with specific orienta- 
tions. The bright areas observed during the nucleation stage 
can be attributed to the enhanced adsorption of tin nuclei by 
Nb (100), Nb (310), and Nb (311). In contrast, the surfaces 
of Nb (110), Nb (111), Nb (221), Nb (321), and Nb (211) ex- 
hibited fewer adsorbed tin nuclei, leading to the formation of 
black regions when observed in the secondary electron mode. 
In addition, a comprehensive examination of the surface was 
conducted using EBSD analyses. The findings obtained from 
these analyses exhibit a high degree of agreement with the 
outcomes depicted in Fig. 5. This correspondence suggests a 
robust association between nucleation behavior and grain ori- 
entation. Significantly, the conclusion derived from the afore- 
mentioned experiments aligns well with the findings obtained 
from the large-grain samples, indicating that SnCly exhibits a 
higher affinity for adsorption on the surface of Nb (100) than 
Nb (110) and Nb (211). 


Previous studies suggest that the observed behavior can be 
attributed to the varying adsorption capacities exhibited by 
each crystal plane. The adsorption anisotropy is attributed to 
changes in the adsorption energy of SnCl on distinct crystal 
surfaces. Through a combination of experimental and sim- 
ulation approaches, Morris et al. demonstrated that various 
crystal facets of metals exhibit unique adsorption capabili- 
ties. For instance, the likelihood of nitrogen molecules ad- 


Fig. 5. (Color online) (a) and (c) show the microscopic topography of nucleation surface containing several bright and dark regions, (b) and 
(d) correspond to the EBSD IPF coloring orientation map for (a) and (c), respectively. 


hering to W (320) is 0.7, whereas the adhesion probability 
to W (110) is significantly lower at 3 x 1073, as discussed 
in the literature [52]. Furthermore, a study conducted by Pal 
et al. revealed that the adsorption capacity of isooctylphe- 
noxy polyethoxyethanol molecules on Si (110) is signifi- 
cantly higher than that on Si (100) when exposed to a liq- 
uid environment. This disparity in the adsorption strength 
was utilized to control the chemical polishing rate of silicon 
crystals with various orientations [53]. Additionally, Hirai et 
al. [54] developed a high-precision, fast-response, and high- 
performance chemical sensor based on the fact that various 
surfaces have distinct adsorption capacities for gas molecules, 
thereby achieving rapid detection of gas species. It is ev- 
ident that the crystal planes exhibited noticeable variations 
in their adsorption capacities under both vacuum and liquid 
conditions. The results of the nucleation experiments con- 
ducted on EP fine-grain and large-grain samples consistently 
demonstrate that the non-uniform distribution of tin nuclei on 
the niobium surface is caused by the selective adsorption of 
SnCl, molecules on different crystal planes. Furthermore, 
these experiments established a qualitative relationship be- 
tween adsorption capacity and various orientations. Subse- 
quently, we ascertained the accuracy of this mechanism by 
conducting simulations to evaluate the adsorption capability 
of SnCly molecules on various crystal planes. 


C. Structural and adsorption properties of SnCl, on different 
crystal planes by DFT simulations 


To enhance the validity of the EBSD analysis, we per- 
formed calculations to determine the adsorption energy on 
several crystal planes, namely Nb (110), Nb (100), Nb (211), 
Nb (111), Nb (221), Nb (310), Nb (311), and Nb (321), as 
indicated by the EBSD and XRD findings. The adsorption 
capacity of solitary tin and chlorine atoms on the Nb surface 
were calculated to determine the most stable adsorption sites. 
Three adsorption sites with high symmetry, namely the top 
site (T), hollow site (H), and bridge site (B), were studied. 
The calculations indicated a notable preference for tin atoms 
to adsorb on the hollow site, whereas chlorine atoms exhib- 
ited a clear tendency to adsorb on the bridge site. 


Subsequently, computational analysis of the adsorption of 
SnCl molecules in different orientations was performed. 
Two distinct molecular configurations, one with upright 
molecules and the other with molecules lying down, were ex- 
amined. In both configurations, the tin atom was positioned 
closer to the surface. The adsorption sites and their corre- 
sponding configurations are shown in Fig. 6. The final sta- 
ble adsorption configuration of SnCl on the surface was ob- 
served to be lying-down with the Sn atom occupying a hollow 
position, regardless of the initial configuration. The adsorp- 
tion energies of each orientation under this configuration are 
presented in Table 2. When the computed adsorption energy 
is negative, the reaction is characterized by exothermicity and 
the adsorption site can be considered stable. Conversely, a 
positive adsorption energy implies an endothermic adsorption 
process and unstable adsorption site. 


Fig. 6. (Color online) The adsorption sites and adsorption geometries of SnClz on the Nb surface. (a) shows various adsorption sites from the 
top view, (b) shows the side view of upright SnCl adsorption on hollow or bridge sites, (c) corresponds to adsorption on the top site when 
SnCl, is upright, (d) shows lying-down the adsorption condition when SnCl, is lying-down. 


Table 2. Adsorption energies of SnCl molecules on various orientations of Nb surface. 


Esncil, (eV) Eclean (eV) Egnci,/Nb (eV) Eads (eV) 
E10) -165703.61 EgnCty/(110) -168616.57 -5.95 
E100) -59634.07 Egnciz/(100) -62548.30 -7.23 
E310) -74529.32 EsnC12/(310) -77459.68 -6.55 
-2907.001 Bon) -74546.26 Esnc12/(211) -77459.68 -6.41 
Eqs) -74523.19 Espey /(111) -77436.01 -5.82 
E21) -149065.87 EsnC12/(221) -151979.60 -6.73 
E,311) -149049.36 Egncy /(311) -151963.22 -6.86 
E321) -89436.84 Egnciy /(321) -92349.31 -5.47 


The adsorption energy was negative in all cases, indicating 
the exothermic nature of the adsorption process. The orien- 
tation of SnCl, with the tin atom located on the hollow site 
was calculated to be the most stable of all the possible orien- 
tations. This is attributed to the fact that the vertical distance 
between SnCl, and the surface is the shortest in this orien- 
tation. Additionally, a positive correlation between the verti- 
cal adsorption heights and adsorption energies was observed. 
In other words, a lower adsorption energy corresponded to 
a higher adsorption height. Furthermore, upon optimization, 
the initial configurations featuring horizontal SnCl, adsorp- 
tion on the top and bridge sites transitioned to a configura- 
tion in which SnCly was adsorbed horizontally on the hollow 
sites. This suggests that the lying-down structure represents 


the most thermodynamically stable adsorption configuration 
and is aligned with the single-atom adsorption structure. Fur- 
thermore, it is worth noting that the extended Sn-Cl bond is 
consistently observed in all instances. Additionally, the Sn- 
Cl distance of SnCl. when adsorbed on the hollow site was 
greater than that on the top and bridge sites, which agrees 
well with the results obtained for the adsorption energy. 


The adsorption energies of SnCl) on various crystal sur- 
faces were determined using the above Equation , and the 
results are presented in Table 2. The data shown in Ta- 
ble 2 demonstrates that the SnCl. molecule has a favorable 
tendency to adsorb onto the Nb (100), Nb (310), and Nb 
(311) surfaces, as evidenced by the adsorption energy val- 
ues of —7.23 eV, —6.55 eV, and —6.86 eV, respectively. The 
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Fig. 7. (Color online) (a), (b), and (c) correspond to nucleation behavior on the BCP fine-grain surface, EP fine-grain surface, and BCP 


large-grain surface, (d) specific element content of (a), (b), and (c). 
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Fig. 8. (Color online) A schematic diagram illustrating the adsorption behavior of the surface with different morphology, where the density 


of steps reflects the surface roughness. 


adsorption capacities of the Nb (111), Nb (110), and Nb 
(321) surfaces were comparatively low in strength, as in- 
dicated by the adsorption energies of —5.82eV, —5.95eV, 
and —5.47 eV, respectively. Significantly, the simulated out- 
comes pertaining to the adsorption capability of the SnCl, 
molecule on various crystal orientations exhibited commend- 
able concurrence with the observed preferred adsorption phe- 
nomena in the nucleation studies, as determined by EBSD 
analysis. 


D. Effect of surface roughness and grain boundary on 
nucleation behavior 


Furthermore, notable variations in the nucleation behavior 
were observed across the BCP, EP fine-grain, and BCP large- 
grain samples when subjected to identical nucleation condi- 


tions, as depicted in Fig. 7. In contrast to the EP treatment, the 
surface state of BCP exhibited greater fluctuations, leading to 
increased surface roughness. It is worth noting that BCP se- 
lectively dissolves the surface of Nb . Owing to the difference 
in energy between the different crystal planes, the dissolution 
rate of Nb (100) is the slowest, whereas Nb (110) and Nb 
(111) dissolve faster, resulting in a dominant grain orienta- 
tion of Nb (100) on the BCP fine-grain surface [55, 56]. In 
contrast, the dissolution of the EP Nb surface is more strongly 
dependent on the current density distribution, thus leading to 
a more random grain orientation distribution on the EP fine- 
grain surface without a clear preferred orientation [57]. Based 
on our experiments and DFT simulation findings, Nb (100) is 
more favorable for the formation of tin nuclei during the nu- 
cleation stage. Therefore, the rough surface resulting from the 
BCP offers more Nb (100), which is beneficial for the adsorp- 
tion of tin nuclei compared to the smooth surface produced by 


the EP. However, it is crucial to highlight that the tin (Sn) con- 
tent of approximately 18.89% present on the surface of the 
fine crystal BCP is notably higher than the 1%-6% content 
found on the surface of EP under identical nucleation condi- 
tions. Consequently, the influence of surface roughness on 
nucleation is evident and holds significant importance. This 
finding suggests that the geometric and morphological char- 
acteristics of the surface have a significant impact on the nu- 
cleation behavior. Consistent with the phenomenon observed 
by Zhang et al. [58], the nucleation experiment demonstrates 
that the density of the nucleation sites decreases substantially 
with decreasing substrate roughness. In addition, the pres- 
ence of a significant amount of tin on the surface of BCP 
fine-grain samples obscures the occurrence of an uneven dis- 
tribution of tin nuclei and hence the infrequent observation 
of a non-uniform distribution in BCP samples during the ini- 
tial stage. In addition, by comparing the nucleation behav- 
iors of the fine- and large-grain samples, an intriguing phe- 
nomenon was identified: the nucleation density of the large- 
grain samples was relatively low, which may be ascribed to 
fewer grain boundaries or a smoother surface. Based on the 
aforementioned experimental findings, morphology should be 
acknowledged as a significant determinant of the nucleation 
behavior. The increased density of tin nuclei observed in the 
BCP samples can be attributed to the more frequently occur- 
ring fluctuations at the interface, thereby facilitating favorable 
nucleation conditions, as depicted in Fig. 8. This observa- 
tion aligns with the conclusion of Yuan et al., who posited 
that steps provide a greater number of binding sites and ex- 
hibit higher diffusion barriers than terraces [59]. Moreover, 
the significant difference in the nucleation behavior between 
the fine- and large-grain samples suggests that the number 
of grain boundaries may also influence nucleation behavior. 
The influence of the number of grain boundaries on nucle- 
ation behavior can be attributed to the presence of lattice dis- 
tortion at the interfaces between grains, which results in an el- 
evated energy state at these locations compared to the energy 
within the grains themselves. Consequently, the surfaces with 
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a greater number of grain boundaries are more likely to satisfy 
the nucleation criterion. However, samples with larger grain 
sizes exhibited reduced surface roughness following polish- 
ing. This can be attributed to the presence of fewer grain 
boundaries, which subsequently decreases the density of tin 
nuclei during the nucleation process. 


IV. CONCLUSION 


This study examined the nucleation behavior of tin nuclei 
during the growth process of Nb3Sn thin films on an Nb sur- 
face utilizing a SnCl, agent and vapor diffusion method. 

1. The nonuniform distribution of tin nuclei on the sur- 
face of Nb was observed through experimental investigation 
and material characterization. Furthermore, the correlation 
between the nonuniformity and orientation of the Nb grains 
was validated. 

2. The adsorption energy of SnClz molecules on the sur- 
faces of Nb grains with varying orientations was determined 
using DFT simulations. These findings indicate that the un- 
even dispersion of the tin nuclei can be attributed to variations 
in the adsorption energy of SnCl molecules across different 
grain orientations. 

3. The investigation of large crystalline niobium substrates 
has provided additional evidence supporting the significant 
influence of surface morphology and grain size on the nucle- 
ation behavior. Moreover, a potential mechanism was pro- 
posed to explain these observations. 

The research conducted in this study presents valuable in- 
sights for enhancing and optimizing the surface pretreatment 
procedure of Nb with the aim of achieving a uniform distri- 
bution of tin nuclei in accordance with specific specifications. 
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